Background {#Sec1}
==========

Pheochromocytomas (PHEOs) are rare but dangerous neuroendocrine tumors, approximately 80--85% of which arise from the adrenal medulla \[[@CR1]\]. The development of hypertension due to the oversecretion of catecholamines represents one of the most important clinical symptoms of PHEO. In the outpatient department, 0.1--0.6% of patients with hypertension are found to suffer from PHEO \[[@CR2], [@CR3]\]. In patients with PHEO, the presentation of hypertensive encephalopathy, cerebrovascular accident, or neurogenic pulmonary edema is always associated with cardiovascular complications, such as sudden death and heart failure, which leads to a poor prognosis \[[@CR4]\]. Surgical resection can not only cure hypertension, but also prevent the cardiovascular complications caused by hypertension. Thus, surgical resection is considered the gold standard for the management of PHEO \[[@CR5]\].

Surgery for PHEO is challenging because of the release of catecholamines during the operation. For decades, open adrenalectomy (OA) has been the first choice for the surgical management of benign adrenal tumors. However, since the first laparoscopic adrenalectomy reported by Gagner et al. \[[@CR6]\], the use of laparoscopic adrenalectomy has gained popularity, especially for the surgical treatment of small- to medium-sized benign tumors \[[@CR7]\]. In the resection of PHEO, laparoscopic adrenalectomy has been associated with lower estimated blood loss, shorter hospital stay, and fewer episodes of intraoperative hypertension or hypotension when compared to OA \[[@CR8]--[@CR10]\]. Due to the restricted operating area, laparoscopic adrenalectomy is always chosen for adrenal tumors that are smaller than 7 cm, while OA is still considered the first-line therapy for larger tumors \[[@CR11], [@CR12]\]. Conzo et al. \[[@CR13]\] claimed that laparoscopic surgery could be safely performed for PHEO larger than 6 cm. On the other hand, OA was strongly recommended as the preferred surgical procedure in the 2014 guidelines of the Endocrine Society, as this procedure ensures that the tumor is completely resected \[[@CR14]\]. However, at present, there are not enough comparative studies of the two surgical methods for the treatment of large PHEOs \[[@CR14], [@CR15]\].

For large PHEOs, often defined as tumors larger than 5 cm in diameter, the safety and effectiveness of laparoscopic adrenalectomy has been demonstrated. A propensity score-matched cohort study recently performed by Bai et al. \[[@CR16]\] reported that the perioperative outcomes of patients with large PHEO who underwent transperitoneal laparoscopic adrenalectomy were significantly better than those who underwent open surgery. Moreover, it has been reported that retroperitoneal laparoscopic adrenalectomy (RLA) is safer, faster, and more feasible than the transperitoneal approach for the treatment of large PHEO \[[@CR17], [@CR18]\]. To date, no studies have investigated the oncological outcomes and recurrence rate after OA compared to RLA. Therefore, the aim of the present study was to compare the perioperative outcomes of large PHEO (\> 5 cm in diameter) between the two surgical methods.

Methods {#Sec2}
=======

In this retrospective study, we reviewed and compared the results of patients admitted to the Huazhong University of Science and Technology-affiliated Tongji Hospital who underwent RLA or OA for large PHEO between January 2008 and October 2018. The present study was approved by the institutional review board. All cases included in the cohort were confirmed as PHEO by postoperative pathological examination. In our institution, generally, RLA is the first choice for PHEO patients when the tumors smaller than 6 cm. However, it should be noted that sometimes patients choose RLA, although the tumors are larger than 6 cm. Operative informed consent was provided for all patients, and a detailed explanation of the benefits and potential risks of the proposed operative methods was provided. Only patients who underwent RLA or OA for PHEO were included in our analysis.

The RLA method was performed according to the paper reported by Zhang et al. \[[@CR19]\]. Under general anesthesia, the RLA was started with a skin incision at the tip of the 12th rib. And the retroperitoneal space was created by balloon dilation. Then, three trocars (i.e., 5-, 10-, and 12-mm trocars) were introduced into the retroperitoneal space. Keep the carbon dioxide pressure of pneumoperitoneum around 25 mmHg. The first dissection plane is the space between the perirenal fat sac located above the kidney and the anterior Gerota fascia. Blunt segregation predominates until the adrenal gland or the anterior surface of the tumor is found. The second dissection plane is between the perirenal fat and the posterior renal fascia located on the lateral side of the upper kidney pole. Third plane dissection progresses immediately adjacent to the parenchymal surface of the upper kidney pole. The last step is to find the central adrenal vein, then clip and transect it. At the same time, the remaining upper adrenal artery and its surrounding adipose tissue were completely transected. The isolated adrenal tumor is placed in a sack and retrieved through the posterior-axillary trocar port site. The surgery was performed by four experienced surgeons in our center, one of whom was recognized as the pioneer in laparoscopy and supervised the quality of surgery. As for the OA method, patients lie on the operating table and the appropriate incision length was chosen according to the size of the tumor. Firstly, the right lobe of the liver was pushed aside when resecting the right tumors, the spleen and pancreas were pushed aside when resecting the left tumors, and the tissue structure around the tumors was dissected. Subsequently, the adrenal vein was exposed at the inferior margin of the left adrenal or the medial margin of the right adrenal, and then double ligation of the adrenal vein was performed. After the tumors were completely separated, the whole specimen was taken out.

Initially, we excluded those patients with extra-adrenal PHEO or paraganglioma according to their medical history or imaging data. To ensure the accuracy of surgical data, patients with multiple tumors in one adrenal gland were excluded from the study. Those with a lesion ≤ 5 cm on the preoperative imaging examination were also excluded. Moreover, using the intention-to-treat principle, RLA-converted-to-OA cases were considered RLA in the present study. All remaining patients (i.e., those with a single tumor \> 5 cm) who underwent RLA or OA in our hospital were included in the present study.

Propensity score matching (PSM) was used to adjust for differences between the two groups, which helps to make the results as accurate as possible. The propensity score for each patient was determined by multivariate logistic regression based on tumor size and tumor laterality, where the caliper width for the PSM was set as 0.1.

Relevant clinical data including demographics, laboratory examination, imaging data, operative details, hospital stay, follow-up results, and postoperative complications were recorded and compared between PHEO patients who underwent RLA and OA. Basic demographic information including the age, gender, body mass index (BMI), American Society of Anesthesiologists Physical Status Classification System (ASA) score, tumor size, and tumor side of all patients was initially analyzed between the two groups. Perioperative indicators, including both intraoperative and postoperative terms, were compared to evaluate the efficacies of the two procedures, which included the operation time, estimated blood loss, number of intraoperative transfusions, number of instances of hemodynamic instability (HI) (systolic blood pressure \> 180 mmHg or mean arterial pressure \< 60 mmHg) \[[@CR20]\], number of complications, length of hospitalization, duration of draining, and time to resume completely normal diet. Evaluation of the long-term effects consisted of the number of improvement in blood pressure (BP). Improvement BP was defined as a decrease in BP compared to that before surgery or a decrease in the number of antihypertensive drugs.

Statistical Product and Service Solutions version 24.0 (IBM Corporation, Armonk, NY, USA) software was used to conduct all analyses in the present study. Continuous variables with normal distributions were expressed as mean ± standard deviation (SD). Differences between groups were determined using the independent sample Student's *t* test for variables with normal distributions. The results for continuous variables without normal distribution were demonstrated as median (range) and assessed by the Mann-Whitney *U* test. Categorical variables were expressed as frequencies and analyzed with the chi-square test or Fisher's exact test. The odds ratio (OR) and *β* coefficient were determined by binary logistic regression and multiple linear regression, respectively, and the 95% confidence interval (CI) was also calculated. Importantly, a Box-Cox transformation was applied to the variable without normal distribution before multiple linear regression explained to achieve normal conditions. In this present study, a two-tailed *P* value of \< 0.05 was considered statistically significant.

Results {#Sec3}
=======

The basic clinical features of patients are summarized in Table [1](#Tab1){ref-type="table"}. All patients who met the inclusion criteria were divided into RLA (*n* = 101) and OA (*n* = 46) groups. It should be noted that 6 (5.94%) cases in the RLA group required conversion to the open approach. Conversion to open surgery was necessary in two cases for uncontrollable bleeding and four cases for technical constraints. After PSM, the unbalanced differences between the two groups were removed, and the 147 patients were matched into 46 pairs.Table 1The basic demographics and pre-operative features of included patientsBefore PSMAfter PSMVariableRLA (*n* = 101)OA (*n* = 46)*P* valueRLA (*n* = 46)OA (*n* = 46)*P* valueAge (years)47.15 ± 12.9645.17 ± 10.290.36448.15 ± 12.6845.17 ± 10.290.219Male48 (47.52)28 (60.87)0.12324 (52.17)28 (60.87)0.400Body mass index (kg × m^−2^)21.98 ± 3.0421.67 ± 2.730.55021.62 ± 2.7021.67 ± 2.730.934Hypertension66 (65.35)32 (69.57)0.85629 (63.04)32 (69.57)0.508VMA (μmol/24 h)96.75 (14.20, 689.60)110.20 (14.55, 371.48)0.966119.00 (43.53, 340.58)110.20 (14.55, 371.48)0.372eGFR (ml/min/1.73 m^2^)101.1 (62.2, 145.1)102.8 (71.8, 140.2)0.76896.7 (73.3, 132.7)102.8 (71.8, 140.2)0.705Preoperative hemoglobin (g/L)131 (71, 164)127 (72, 161)0.851122 (80, 149)127 (72, 161)0.291Comorbidities \[*n* (%)\] Myocardial infarction3 (2.97)0 (0)0.5523 (6.52)0 (0)0.242 Stroke4 (3.96)3 (6.52)0.6782 (4.35)3 (6.52)0.646 Coronary heart disease9 (8.91)2 (4.35)0.3304 (8.70)2 (4.35)0.398 Diabetes18 (17.82)10 (21.74)0.5759 (19.57)10 (21.74)0.797ASA score \[*n* (%)\] III/IV29 (28.71)10 (21.74)0.37512 (26.09)10 (21.74)0.625Tumor size (cm) (range)6.48 ± 1.83 (5.1--9.8)7.92 ± 1.98 (5.1--13.2)\< 0.0017.76 ± 2.02 (5.1 9.4)7.92 ± 1.98 (5.1--13.2)0.704Tumor laterality \[*n* (%)\] Bilateral4 (3.96)2 (4.35)0.8562 (4.35)2 (4.35)0.975 Right57 (56.44)28 (60.87)29 (63.04)28 (60.87) Left40 (39.60)16 (34.78)15 (32.61)16 (34.78)*Abbreviations*: *PSM* the propensity score matching, *RLA* retroperitoneal laparoscopic adrenalectomy, *OA* open adrenalectomy, *BP* blood pressure, *VMA* vanillic mandelic acid, *eGFR* estimated glomerular filtration rate, *ASA* American Society of Anesthesiologists Physical Status Classification System

Tumor size was the only unbalanced variable between the two groups before PSM, as tumors were significantly bigger in the OA group than in the RLA group (7.92 ± 1.98 vs. 6.48 ± 1.83 cm, *P* \< 0.001). After PSM, the mean tumor size was 7.76 ± 2.02 cm and 7.92 ± 1.98 cm in the RLA and OA groups (*P* = 0.704), respectively, and there was no longer any statistically significant difference. Except for tumor size, the other baseline variables including age, BMI, history of hypertension, comorbidities, ASA score, and preoperative laboratory examinations were not significantly different between the two groups before and after PSM (Table [1](#Tab1){ref-type="table"}). After adjusting the unbalanced variable, the mean age of patients in the OA group was 45.17 ± 10.29 years and in the RLA group was 48.15 ± 12.68 years (*P* = 0.219). Most patients in the RLA and OA groups also had hypertension (63.04% vs. 69.57%, *P* = 0.508) and a low ASA score (\< III; 73.91% vs. 78.26%, *P* = 0.625).

The perioperative outcomes are summarized in Table [2](#Tab2){ref-type="table"}. The incidence of HI during surgery, intraoperative blood transfusion, and postoperative complications in the RLA group were similar to the OA group (54.35% vs. 56.52%, *P* = 0.834; 45.65% vs. 63.04%, *P* = 0.094; and 45.65% vs. 34.78%, *P* = 0.288, respectively). Moreover, the difference in estimated blood loss between the two groups (200 vs. 500 ml, *P* = 0.794) was not statistically significant. Nevertheless, it is necessary to emphasize that OA is associated with 3 times more blood loss. However, another noteworthy result is that the incidence of intraoperative transfusion was higher in the OA group compared to the RLA group (63.04% vs. 45.65%). Although these differences were not statistically significant (*P* = 0.094), we could speculate that intraoperative blood transfusion was needed when massive intraoperative bleeding occurs which may keep hemoglobin from fluctuating violently. Moreover, there was a shorter operative time, quicker bowel recovery, and shorter length of hospital stay in the RLA group (218 vs. 245 min, *P* = 0.040; 2 vs. 3 days, *P* = 0.046; and 8 vs. 9 days, *P* = 0.010) compared to the OA group. The results of long-term follow-up are also shown in Table [2](#Tab2){ref-type="table"}. There was no significant difference in the proportion of patients with improved BP between the two groups (82.61% vs. 69.57%, *P* = 0.143).Table 2The perioperative and follow-up outcomes of included patientsBefore PSMAfter PSMVariableRLA (*n* = 101)OA (*n* = 46)*P* valueRLA (*n* = 46)OA (*n* = 46)*P* valueIntraoperative data Hemodynamic instability \[*n* (%)\]46 (45.54)26 (56.52)0.21725 (54.35)26 (56.52)0.834 Operating time (min)185 (89, 520)245 (107, 480)0.003218 (93, 367)245 (107, 480)0.040 Estimated blood loss (mL)150 (50, 2300)500 (50, 3000)0.047200 (50, 1500)500 (50, 3000)0.794 Transfusion \[*n* (%)\]31 (30.69)29 (63.04)\< 0.00121 (45.65)29 (63.04)0.094 Immediate postoperative hemoglobin (g/L)106 (69, 161)107 (79, 150)0.607107 (77,138)107 (79, 150)0.721 Change in hemoglobin (g/L)18.0 (7.0, 38.0)10.0 (5.0, 28.0)0.20614.0 (7.0, 27.3)10.0 (5.0, 28.0)0.412 Open conversion \[*n* (%)\]6 (5.94)----2 (4.35)----Postoperative data Postoperative complications \[*n* (%)\]  Overall morbidity39 (38.61)16 (34.78)0.65621 (45.65)16 (34.78)0.288  Clavien III/IV15 (14.85)4 (8.70)0.4897 (15.22)4 (8.70)0.443 Cardiovascular morbidity causes \[*n* (%)\]  Postoperative hypertension12 (11.88)5 (10.87)0.8598 (17.39)5 (10.87)0.369  Postoperative transfusion9 (8.91)0 (0)0.0574 (8.70)0 (0)0.058  Postoperative hypotension8 (7.92)3 (6.52)0.7655 (10.87)3 (6.52)0.459  Return to diet (days)2 (1, 3)3 (1, 4)0.0032 (1, 2)3 (1, 4)0.046  Time to drain removal (days)4 (2, 8)4 (3, 8)0.9974 (2, 7)4 (3, 8)0.174  Postoperative hospital stay (days)7 (4, 12)9 (5, 14)\< 0.0018 (5, 10)9 (5, 14)0.010Follow-up data Follow-up period (months)42.6 (2.8, 118.8)70.8 (4.0, 117.5)40.9 (9.5, 102.5)70.8 (4.0, 117.5) Improvement BP \[*n* (%)\]81 (80.20)32 (69.57)0.15638 (82.61)32 (69.57)0.143*Abbreviations*: *PSM* the propensity score matching, *RLA* retroperitoneal laparoscopic adrenalectomy, *OA* open adrenalectomy, *bpm* beats per minute, *MAP* mean arterial pressure, *SBP* systolic blood pressure, *HR* heart rate

Table [3](#Tab3){ref-type="table"} presents the results from binary logistic regression and multiple linear regression analyses to determine the potential influence of surgical methods on the perioperative outcome. The results of multiple linear regression analyses showed that the operative method (OA vs. RLA) influenced the operation time (*β* = 31.84, *P* = 0.046), bowel recovery (*β* = 0.76, *P* = 0.044), and postoperative hospital stay (*β* = 1.25, *P* = 0.025), while logistic regression analysis showed no positive correlation between the operative method and perioperative outcomes.Table 3The results from binary logistic regression and multiple linear regression analyses of included patientsBefore PSMAfter PSMVariableOR/*β*95% CI*P* valueOR/*β*95% CI*P* valueIntraoperative HI^\#^1.020.46--2.390.8991.070.42--2.720.888Intraoperative transfusion^\#^2.611.10--6.210.0212.200.85--5.550.098Operation time^&^37.408.90--66.590.01231.843.35--67.000.046Estimated blood loss^&^151.16− 268.05 to 570.420.47655.81− 532.54 to 644.180.850Postoperative complications^\#^0.700.22--1.690.4420.600.24--1.480.273Drainage time^&^− 0.58− 1.22 to 0.250.1580.24− 0.08 to 0.610.151Return to diet^&^0.350.02--0.580.0490.760.06--1.580.044Postoperative hospital stay^&^1.380.42--2.380.0051.250.15--2.330.025*Abbreviations*: *PSM* the propensity score matching, *HI* hemodynamic instability, *OR* odds ratio, *CI* confidence interval^\#^Binary logistic regression^&^Multiple linear regression

Discussion {#Sec4}
==========

The location and anatomical structure of the adrenal gland make adrenal surgery one of the most high-risk urologic operations. Adrenalectomy for PHEO is more challenging than for other adrenal tumors due to the higher catecholamine excretion and richer vascularity in this kind of tumor, especially in larger ones. Over the past decades, OA has been the standard surgical treatment for PHEO, which leaves a large surgical incision even for small tumors \[[@CR21]\]. With the development of laparoscopic technology, many minimally invasive adrenalectomy methods for adrenal tumors have emerged, one of which is posterior retroperitoneoscopic adrenalectomy, described by Mercan et al. \[[@CR22]\]. Advantages and disadvantages have been reported for both OA and RLA. Compared to RLA, OA has better intraoperative visibility and a larger workspace, but this is accompanied by a larger surgical incision \[[@CR23]\]. Moreover, laparoscopic adrenalectomy is particularly difficult for patients who have ever undergone abdominal surgery. Some researchers have compared the safety and effectiveness of laparoscopic adrenalectomy with OA, showing that endoscopic approaches (conventional laparoscopic, retroperitoneoscopic, or robotic-assisted) have a similar incidence of complications, decreased blood loss during the operation, and a shorter hospital stay after the operation when compared to OA \[[@CR9], [@CR24]--[@CR26]\]. However, only a few studies have focused on the differences in unbalanced variables, such as tumor size, when comparing different surgical methods, which are believed to be associated with perioperative outcomes \[[@CR27]\].

In the present study, we reviewed almost 10 years of experience in the surgical treatment of PHEOs larger than 5 cm, including perioperative and long-term follow-up results, and used PSM to remove unbalanced baseline differences so that we could obtain more reliable conclusions. After PSM, the results indicate that RLA is superior to OA in terms of operation time, length of hospital stay, and bowel recovery time. Since Zhang et al. \[[@CR19]\] promoted standardized RLA, this method has been widely used in China. In our institution, RLA has been the preferred surgical procedure for adrenal tumors, including PHEO, for many years. Consistent with a previous report \[[@CR28]\], the operation time for RLA was found to be shorter than that for OA. This could be explained by the skilled use of laparoscopy by experienced surgeons, which partly offsets the limitation of restricted operating space when resecting PHEO. During OA, abdominal structures and organs are disturbed to a greater extent, which can lead to severe ischemia-reperfusion injury and organ dysfunction after operation. This may explain why those patients undergoing OA required more time to return to an oral diet and had a longer hospital stay. Furthermore, the results of the multiple linear regression analysis confirmed the above findings.

Intraoperative HI and postoperative complications are critical to the postoperative recovery of patients. The incidence of intraoperative HI during adrenalectomy for PHEO has been reported to range between 17--83% \[[@CR29]\], which is in accordance with our results. However, neither component comparison nor logistic regression found any correlation between surgical modalities and HI. Similarly, no differences were found when the incidence of postoperative complications was compared between the RLA and OA groups. As mentioned above, RLA is more difficult to perform than OA. Due to the limited visual field and operating space, unexpected disruption of tumors during RLA may cause severe HI, and intraoperative bleeding is more difficult to manage when this occurs. More importantly, these results suggest that the perioperative outcomes of RLA are similar to those of OA in the surgical treatment of PHEO. Long-term follow-up results indicated a comparable improvement rate in BP between the two groups. As we mentioned above, laparoscopic adrenalectomy has been widely used in recent years even for those larger PHEOs. Before that, OA was still the first choice. And this may lead to significant differences in the follow-up period between the two groups.

At present, laparoscopic adrenalectomy, which can be divided into the transperitoneal approach and the retroperitoneal approach, has become the standard treatment for benign adrenal tumors and is recommended in the clinical practice guideline \[[@CR14]\]. Conzo et al. \[[@CR13]\] and Shiraishi et al. \[[@CR18]\] both reported that RLA is superior, or at least comparable, to transperitoneal adrenalectomy. The study conducted by Bai et al. \[[@CR16]\] only included PHEO patients undergoing transperitoneal adrenalectomy when comparing laparoscopic adrenalectomy to OA. The present study, differing from previous studies, tried to evaluate the perioperative and long-term outcomes of RLA and OA in patients with PHEO larger than 5 cm.

It is important to note that our study has three main limitations. Firstly, this is a retrospective study. Despite adopting PSM to increase the reliability of the conclusions, prospective multicenter studies are still urgently needed to confirm our findings. Secondly, the limited sample size of patients included in this study reduces the reliability of the results to a certain extent. Finally, intraoperative data were collected from electronic anesthetic records that were updated every 5 min; therefore, the accuracy is inadequate and the final conclusions may be affected.

In conclusion, both RLA and OA seem to provide similar perioperative and long-term outcomes for the surgical management of large PHEO, except that RLA is superior to OA in terms of operation time, length of hospital stay, and bowel recovery time. Our results indicate that RLA is an efficacious surgical method which can replace open surgery, to a certain extent, for patients with PHEO larger than 5 cm in diameter.
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